Aging is associated with an increased incidence and severity of acute renal failure. However, the molecular mechanism underlying the increased susceptibility to injury remains undefined. These experiments were designed to investigate the influence of age on the response of the kidney to ischemic injury and to identify candidate genes that may mediate this response. Renal slices prepared from young (5 mo), aged ad libitum (aged-AL; 24 mo), and aged caloric-restricted (aged-CR; 24 mo) male Fischer 344 rats were subjected to ischemic stress (100% N2) for 0 -60 min. As assessed by biochemical and histological evaluation, slices from aged-AL rats were more susceptible to injury than young counterparts. Importantly, caloric restriction attenuated the increased susceptibility to injury. In an attempt to identify the molecular pathway(s) underlying this response, microarray analysis was performed on tissue harvested from the same animals used for the viability experiments. RNA was isolated and the corresponding cDNA was hybridized to CodeLink Rat Whole Genome Bioarray slides. Subsequent gene expression analysis was performed using GeneSpring software. Using two-sample t-tests and a twofold cut-off, the expression of 92 genes was changed during aging and attenuated by caloric restriction, including claudin-7, kidney injury molecule-1 (Kim-1), and matrix metalloproteinase-7 (MMP-7). Claudin-7 gene expression peaked at 18 mo; however, increased protein expression in certain tubular epithelial cells was seen at 24 mo. Kim-1 gene expression was not elevated at 8 or 12 mo but was at 18 and 24 mo. However, changes in Kim-1 protein expression were only seen at 24 mo and corresponded to increased urinary levels. Importantly, these changes were attenuated by caloric restriction. MMP-7 gene expression was decreased at 8 mo, but an age-dependent increase was seen at 24 mo. Increased MMP-7 protein expression in tubular epithelial cells at 24 mo was correlated with the gene expression pattern. In summary, we identified genes changed by aging and changes attenuated by caloric restriction. This will facilitate investigation into the molecular mechanism mediating the age-related increase in susceptibility to injury. ischemia; microarray analysis ISCHEMIA IS A LEADING cause of acute renal failure (ARF), which develops in ϳ4 -7% of hospitalized patients each year (20).
Common conditions leading to ischemia include cardiovascular disease, stroke, dehydration, and surgery, all of which place the elderly population at risk for ischemic ARF. Although the mortality rates for ARF are decreasing, the rates still range from 20 to 35% (45, 47) . Importantly, Xue et al. (47) established age as a risk factor for ARF. This is in agreement with previous studies that have associated age with a higher risk for ARF (25, 29, 30) . Pascual et al. (26) suggested that the incidence of ARF is 3.5 times higher in patients over 70 and the aged patients had a higher mortality rate. However, little is known about the molecular mechanism(s) that underlie the age-dependent increase in the incidence and severity of ARF.
Animal models have been used extensively to investigate age-related renal dysfunction (2) . Structurally, many of the changes observed in the aging human kidney are recapitulated in rats, including thickening of the glomerular basement membrane and degenerative changes in the proximal tubules, while the most notable functional deficits are proteinuria and reduced urine concentrating ability (12, 34) . Important findings include that the development of renal disease is more severe in males compared with females (3) and that nutrition influences agerelated renal dysfunction (50) . Interestingly, male Fischer 344 rats develop severe renal disease similar to end-stage renal disease due to the development of severe glomerulosclerosis and interstitial fibrosis (7) ; an effect that can be attenuated by lifelong caloric restriction (CR) (39) . Therefore, rat models to investigate age-related changes in the kidney, as well as changes secondary to glomerulosclerosis and fibrosis, have been well-characterized.
A number of studies in aging rats indicate that there is a greater susceptibility to both ischemic and toxic injury. Beierschmidt et al. (4) demonstrated an age-related increase in acetaminophen nephrotoxicity in male Fischer 344 rats, comparing rats at 2-4, 12-14, and 22-25 mo of age. Interestingly, baseline blood urea nitrogen (BUN), urine osmolality, and urine volume were similar in all groups, suggesting that a major component of aging was increased sensitivity to insult as opposed to a gradual loss of renal function. Miura et al. (24) demonstrated that old rats (female Fischer-344; 37-38 mo) were more sensitive to ischemia (45 min) followed by reperfusion. Zager and Alpers (49) verified these findings but suggested that the lack of a relationship between the decrease in glomerular filtration rate (GFR) and morphological damage indicated that age-related changes reflected changes in renal hemodynamics, rather than differences in the tubular susceptibility to injury. However, Miura et al. (24) demonstrated that slices of kidney from old rats were more susceptible to in vitro anoxia (100% N 2 ) when compared with slices from young animals as assessed by organic anion transport in the proximal tubules, indicating that a component of the increased sensitivity to injury involves age-dependent alterations in the proximal tubules.
To investigate the influence of age on the response of the kidney to ischemic injury and to provide insight into the pathways that may underlie the increased susceptibility of the aging kidney to injury, the objectives of this study were to 1) characterize the increased susceptibility of the aging kidney to injury, 2) determine whether this response was reversible using aged caloric-restricted rats, and 3) identify genes changed by age and corrected by CR. Our results demonstrate that there is an intrinsic change in the aging kidney that renders it more susceptible to injury and, importantly, this change is preventable by CR. Using the CodeLink Rat Whole Genome Bioarray, we identified 92 changes in gene expression that parallel the functional changes, i.e., altered during aging and attenuated by CR. Several interesting candidates were identified and verified by quantitative PCR including claudin-7, kidney injury molecule-1 (Kim-1), and matrix metalloproteinase-7 (MMP-7). In summary, several genes were identified that may be associated with the increased susceptibility of aging kidney to ischemic insult. Each data point represents means Ϯ SD for 4 animals (4 slices per animal). Control slices from each group were evaluated for intracellular ATP and GSH content as well as leakage of LDH and ␣GST into the culture media as described in METHODS. Aged-CR, aged calorie-restricted rats; aged-AL, aged ad libitum rats.
METHODS

Animals
were purchased from NIA colony and housed in the College of Medicine Animal Facilities, Texas A&M Health Science Center. The animal room was temperature controlled and on a 12:12-h light-dark cycle. Following anesthesia (87 mg/kg ketamine and 13 mg/kg body wt xylazine), the abdominal cavity was opened, and the kidneys were removed and weighed.
Kidney slice culture model. Kidneys were isolated from young, aged-AL, and aged-CR rats. Kidney slices were made using a Brendel-Vitron Fig. 2 . Impact of ischemia on the viability of renal tissue slices. A: kidney slices were harvested from young, aged ad libitum (aged-AL), or aged caloric-restricted (aged-CR) rats and challenged by simulated ischemia (100% N2) for 30 or 60 min. Viability was assessed by intracellular ATP and GSH content or leakage of LDH and ␣GST into the culture media. The results were compared with control slices (cultured in 95:5 O2-CO2) from each respective group. Each data point represents means Ϯ SD for 4 animals (4 slices per animal). *Significant difference between young and aged-AL. **Significant difference in aged-AL compared with young and aged-CR. B: following 60 min, slices were harvested and processed for histological evaluation. Normal tubular structure is seen in control slices from young, aged-AL, and aged-CR rats; however, anoxia is associated with significant damage to tubules including areas of flattened tubular epithelium, cell vacuolization, reduced eosin staining, suggesting loss of cytoplasmic proteins and cell sloughing in aged-AL but not young and aged-CR rats. The width of the field is 870 m. Data are presented as the fold-decrease as compared with young. Well-annotated genes downregulated by age but corrected by caloric restriction in the kidney as identified by microarray analysis. For these genes, the magnitude of expression was significantly depressed by at least 2-fold in aged-AL vs. young and significantly elevated at least 2-fold in aged-CR vs. aged-AL.
tissue slicer and placed into a roller culture incubator for 1 h before simulated ischemic injury (100% N 2 for 30 or 60 min) (24) . The rat kidney slices were maintained in 1.7 ml/vial DMEM/F12 medium (Sigma), supplemented with 10% fetal bovine serum. Viability was assessed by intracellular ATP and GSH content or the leakage of lactate dehydrogenase (LDH) and ␣-glutathione-S-transferase (␣GST) into the culture media. The results were compared with control slices (cultured in 95:5 O 2-CO2) from each respective group and are presented as percent control.
The slices analyzed for ATP and GSH were weighed, homogenized in 10% trichloroacetic acid with glass homogenizer, snap-frozen in liquid nitrogen, and stored at Ϫ70°C. The slice homogenates were thawed and centrifuged (11,000 g, 10 min, 4°C) before analysis. For the ATP determination, an aliquot (4 l) of slice homogenate was added to a white 96-well flat bottom microliter plate (Dynex Technologies) containing 6.0 l of 0.5 M Tris-EDTA buffer (pH 8.9). One hundred microliters of luciferin plus luciferase reagent (ATP Determination Kit, Molecular Probes) were added and luminescence was read with a Synergy HT Multi-Detection Microplate Reader (BioTek). For GSH measurements, an aliquot of slice homogenate (50 l) was transferred to a 96-well microtiter plate, and 200 l of Ellman's reagent [39.6 mg dithiobis-nitrobenzoic acid/10 ml EtOH diluted 1:10 with 0.5 M Tris-EDTA buffer (pH 8.9)] were added. The absorbance was determined at 405 nm using a Synergy HT Multi-Detection Microplate Reader and the values were extrapolated from a standard curve of reduced glutathione (0 -250 M). For LDH measurements, culture medium was collected and centrifuged at 1,000 g for 4 min. One hundred microliters of culture medium were assayed using the In Vitro Toxicology Assay Kit (Sigma). For measurement of ␣GST leakage, 100 l of culture medium were assayed using the Biotrin Rat ␣GST EIA assay kit (Biotrin International).
Histological evaluation. The kidney slices were harvested and placed in 4% paraformaldehyde for 24 h. After being rinsed with PBS, the tissue was placed in 70% ethanol for 24 h and then embedded in Paraplast-Plus (Oxford Labware). Five-micrometer sections from the paraffin-embedded tissue slices were used for histological evaluation following hematoxylin/eosin staining.
RNA isolation and purification. Total cellular RNA was isolated from snap-frozen kidney tissue using the RNAqueous-4PCR kit (Ambion). Briefly, the kidney tissue was homogenized in a lysis Data are presented as the fold-increase relative to the young values. Well-annotated genes upregulated by age but corrected by caloric restriction in the kidney as identified by microarray analysis. For these genes, the magnitude of expression was significantly elevated by at least 2-fold in aged-AL vs. young and significantly depressed at least 2-fold in aged-CR vs. aged-AL.
solution containing guanidinium thiocyanate. The tissue homogenate was then added to a silica-based filter that selectively binds RNA. Following washes, the purified RNA was eluted in nuclease-free H 2O before being treated with DNase to remove contaminating genomic DNA. Finally, RNA quantity and purity were assessed via spectrophotometry using the A 260 and A260:A280 ratio, respectively.
Identification of candidate genes via microarray analysis. Microarray hybridization and scanning were performed by the Genomics Core Facility of the Center for Environmental and Rural Health at Texas A&M University. RNA that passed the Agilent Technologies 2100 Bioanalyzer quality control test was used to generate biotin-labeled cRNA via a modified Eberwine RNA amplification protocol. Labeled cRNA was applied to the CodeLink Rat Whole Genome Bioarray for 18 h (GE Healthcare); four animals per group were used. After incubation, the slide was washed, stained, and scanned. Array images were processed using CodeLink software. Raw Codelink data output was imported into GeneSpring GX 7.1 (Agilent Technologies) and normalized by setting all measurements Ͻ0.01 to 0.01, normalizing each chip to the 50th percentile of all measurements taken for that chip, and normalizing each gene to the median measurement for that gene across all chips. To focus on genes with reliable measurements, the normalized data were filtered for 1) signal intensity greater than background in at least 4 of the 12 samples (based on Codelink data flags), 2) data present in at least 6 of the 12 samples (based on Codelink data flags), and 3) an average GeneSpring Control Signal in at least 3 of 4 samples per treatment group greater than the ratio of the fixed error to proportional error for that treatment group (based on base/proportional value in GeneSpring Cross-Gene Error model). To identify those genes changed by age and/or CR, a series of two-sample Welch t-tests with a Bejamini and Hochberg false discovery rate (FDR) Ͻ 0.05 and twofold restriction filters were utilized as indicated ( Fig. 1) (5) . Gene annotations were acquired using the accession numbers provided with the arrays and the GeneSpider function in GeneSpring. The data discussed in this publication have been deposited in NCBIs Gene Expression Omnibus (GEO; http://www. ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE6110.
Quantitative real-time PCR. Total RNA samples were reverse transcribed to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative real-time PCR (qPCR) was performed using the iCycler iQ real-time PCR detection system (Version 3.1; Bio-Rad) and iQ SYBR Green Supermix (Bio-Rad). Genes of interest were targeted using specific RT 2 Real-Time PCR primer sets to claudin-7, Kim-1, MMP-7, and ␤-actin (SuperArray). Relative mRNA quantitation was performed using the ⌬⌬Ct method; ␤-actin being was selected as the internal control gene and Rat Universal Reference RNA (Stratagene) was selected as the calibrator sample (19) . Briefly, the quantity of target gene mRNA in each experimental sample (young, aged-AL, or aged-CR) relative to the internal control gene is normalized to the calibrator/reference sample.
Western blot. Whole kidney lysates were quantified by the Bradford method and diluted to 1 g/l in 2ϫ sample buffer (250 mM Tris ⅐ HCl, pH 6.8, 4% SDS, 10% glycerol, 2% ␤-mercaptoethanol, 0.006% bromophenol blue). Samples were boiled for 5 min before electrophoresis and 20 g of protein were separated by 8% SDS-PAGE. Separated proteins were transferred onto a Hybond-ECL nitrocellulose membrane (Amersham) in transfer buffer (25 mM Tris, 200 mM glycine, 20% methanol, and 1% SDS). Nonspecific binding Fig. 3 . Impact of aging on renal gene expression. A: normalized Claudin-7 (Cldn-7), kidney injury molecule-1 (Kim-1), and matrix metalloproteinase-7 (MMP-7) gene expression in young, aged-AL, and aged-CR rats as assessed by microarray analysis using the CodeLink Rat Whole Genome Bioarray. Each data point represents the normalized mean intensity Ϯ SD for that gene across all arrays (4 animals). **Significant difference in aged-AL compared with young and aged-CR. B: age-related changes in the above target genes were verified by quantitative PCR. The ␤-actin normalized Cldn-7, Kim-1, and MMP-7 gene expression in young, aged-AL, and aged-CR rats is presented relative to the gene expression in an arbitrary reference sample (Stratagene Rat Universal Reference RNA). The values represent means Ϯ SD of relative gene expression of 8 animals per group. **Significant difference in aged-AL compared with young and aged-CR.
was blocked by incubation with Tris-buffered saline plus Tween 20 (TBST) blocking buffer (0.1% Tween 20, 10 mM Tris, pH 7.5, 100 mM NaCl) supplemented with 5% nonfat dry milk for 1 h at room temperature. A primary antibody against Kim-1 [R9; (14) ], MMP-7 (GeneTex), or claudin-7 (Santa Cruz Biotechnology) was diluted in the same buffer and incubated at 4°C overnight. After subsequent washes with TBST, membranes were incubated with secondary antibody (anti-rabbit IgG:horseradish peroxidase, 1:20,000 in TBST:5% nonfat dry milk) for 1 h at room temperature. The blots were washed 3ϫ in TBST and proteins were detected with the Amersham ECL system and exposed to X-ray film.
Immunohistochemistry. Paraformaldehyde-fixed kidneys were harvested and placed in 4% paraformaldehyde for 24 h. At that time, the sections were rinsed with PBS and placed in 70% ethanol for embedding/sectioning. Immunohistochemical localization of Kim-1 and MMP-7 was performed using peroxidase/DAB staining via a commercially available system (Zymed) as previously used in our laboratory (17) . Five-micrometer sections were deparaffinized by xylene incubation for 12 min and rehydrated in a graded series of ethanol (95, 80, 70, 50% ethanol) for 5 min each and then washed with PBS for 10 min. Peroxidase quenching was performed by incubation for 12 min with 9:1 dilution of methanol:30% H 2O2 to block endogenous peroxidase activity. After being washed with PBS three times, sections were blocked with solution A for 45 min and blocking solution B for 20 min. The primary antibodies [Kim-1 (MARKE monoclonal-anti-rat Kim-1 ectodomain) (14) ] and MMP-7 (rabbit polyclonal, GeneTex) were applied at a dilution of 1:200 at room temperature for 1 h in a humidfied chamber. After being rinsed in PBS, the sections were incubated for 30 min at room temperature with biotinylated secondary antibody. The streptavidin-peroxidase enzyme conjugate was added to each section for 15 min and peroxidase activity was visualized with AEC and DAB for Kim-1 and MMP-7, respectively. Slides were mounted for light microscope study with mounting solution. Negative controls were incubated with blocking solution B in place of the primary antibody.
For localization of claudin-7, 5-m sections were deparaffinized in a 56°C oven overnight, followed by xylene incubation for 10 min and rehydrated in a graded series of ethanol (100, 95, 70, 50%) for 3 min each, and then washed with TBS for 10 min. Heat-induced epitope retrieval was performed for 4 min at 123.5°C in a Biocare Medical Decloaking Chamber using a reveal antigen retrieval solution. Peroxidase quenching was performed by incubation for 5 min with 9:1 dilution of methanol:30% H 2O2 to block endogenous peroxidase activity. After being washed with TBS three times, sections were subjected to a casein background blocking solution for 5 min and a 20-min avidin-biotin blocker. An antibody against claudin-7 (rabbit polyclonal, Santa Cruz Biotechnology) was applied at a dilution of 1:100 at room temperature for 1 h in a humidfied chamber. After being rinsed in TBS, the sections were incubated for 15 min at room temperature with biotinylated secondary antibody. A streptavidinperoxidase enzyme conjugate was added to each section for 10 min and peroxidase activity was visualized with AEC and DAB for Kim-1 and MMP-7, respectively. Slides were counterstained with hematoxylin and dehydrated through a series of alcohol and xylene solutions Western blot analysis of claudin-7 protein levels in kidney lysates. Full-length claudin-7 is seen at ϳ25 kDa; membranes were stripped and reprobed with an antibody against ␤-actin to demonstrate equal loading. C: paraffin-embedded sections were processed for immunohistochemical localization of claudin-7 with a commercially available system. The arrows point to tubules with increased intensity of claudin-7 staining; similar results were seen in duplicate experiments. before a coverslip was mounted to the slides. Negative controls were incubated with TBS in place of the primary antibody.
Urinary Kim-1 quantiation. Urine samples were coded so that individuals performing the analyses were blinded as to the identity of the samples. Kim-1 protein was measured using Microspherebased Luminex xMAP technology with monoclonal antibodies (MARKE-Trap and MARKE) raised against rat Kim-1 in the Vaidya/Bonventre Laboratory. This assay has been used to determine urinary levels of Kim-1 in several recent studies in rats (8, 27, 43, 44) . For measurements, 30 l of urine samples were analyzed in duplicate.
Statistics. For all statistics except microarray analysis, an ANOVA followed by post hoc t-tests with the Bonferoni correction was used to assess statistical significance (P Ͻ 0.05) via the SPSS program.
RESULTS
Age-related susceptibility to injury. Initial studies were designed to test the hypothesis that aging was associated with an increased susceptibility to injury. An in vitro system that preserves organ architecture and heterogeneity was used to eliminate the variables of renal blood flow and inflammation, which are also affected by aging (6, 11, 16) . Precision-cut kidney slices generated from young, aged-AL, and aged-CR rats were challenged by a simulated ischemic insult (100% N 2 ). Slice viability was measured at 30 and 60 min using a number of parameters including intracellular ATP and GSH levels and leakage of LDH and ␣GST (a marker of proximal tubular damage) into the culture media. There were no significant differences in ATP and GSH content in control slices from young, aged-AL, and age-CR rats at either 30 or 60 min, or for LDH and ␣GST leakage into the media (Table 1) . There was an increased susceptibility to ischemic injury in aged-AL rats compared with young counterparts, as assessed by intracellular ATP and leakage of LDH and ␣GST following either 30 or 60 min of simulated ischemic injury (Fig. 2A) . While there was significant difference between aged-CR and young at 60 min with respect to LDH and ␣GST, CR significantly attenuated the loss of viability seen in aged-AL slices for all parameters, at both 30 and 60 min. Although intracellular GSH was a less sensitive indicator of the loss of viability, there was still a significant difference between young and aged-AL after 60 min of simulated ischemia (Fig. 2A) .
Histological evaluation of the tissue following 60 min of simulated ischemia demonstrated significant tubular damage in slices harvested from aged-AL rat (i.e., flattened tubular epithelium, cell vacuolization, and sloughing and loss of eosin staining) while relatively little tubular damage was seen in young and aged-CR samples (Fig. 2B) . Taken together, these results demonstrate that 1) susceptibility to injury increases with age, and can be attenuated by CR, and 2) the increased injury response is, in part, intrinsic to the kidney.
Microarray analysis and validation. In an effort to identify the molecular mechanisms mediating the increased susceptibility to injury in the aging kidney, microarray analysis was performed. The data were analyzed as described in METHODS and filtered to identify genes changed by aging, CR, or aging and attenuated by CR (Fig. 1) . Complete lists of genes changed by aging (1,325 genes), CR (790 genes), age-induced changes potentiated by CR (2 genes), and age-induced changes attenuated by CR (92 genes) are shown in the online version of this article as it contains the supplemental data.
Based on the injury data, we focused on the group of genes that was changed by aging, but attenuated by CR. The wellannotated genes (named genes) downregulated by age but corrected by CR and upregulated by age but corrected by CR are shown in Tables 2 and 3 , respectively. Several upregulated genes were also further pursued, including claudin-7, an integral membrane protein of tight junctions, Kim-1, a putative epithelial adhesion molecule that is upregulated following injury (14) and thought to be a promising biomarker for renal injury (13, 15) , and MMP-7 (matrilysin) (Fig. 3A) . The expression changes in these genes of interest were confirmed by quantitative PCR. Similar to the microarray data, the expression of claudin-7, Kim-1, and MMP-7 was increased during aging, but attenuated by CR (Fig. 3B) .
Investigation into the time course of changes in claudin-7 revealed that gene expression was increased significantly at 18 mo, but not at 24 mo (Fig. 4A) . Interestingly, protein expression was increased at 24 mo as assessed by Western blot (Fig.   Fig. 6 . Impact of aging on MMP-7 expression. A: MMP-7 gene expression was assessed using quantitative PCR; the ␤-actin-normalized MMP-7 gene expression is presented relative to the gene expression in an arbitrary reference sample (Stratagene Rat Universal Reference RNA). The values represent means Ϯ SD of relative gene expression of 4 animals per group. *Significant difference in 24-mo AL compared with young. **Significant difference in aged-AL compared with young and aged-CR. B: Western blot analysis of MMP-7 protein levels in kidney lysates. Full-length MMP-7 is seen at ϳ27 kDa; membranes were stripped and reprobed with an antibody against ␤-actin to demonstrate equal loading. C: paraffin-embedded sections were processed for immunohistochemical localization of MMP-7 with a commercially available system; similar results were seen in duplicate experiments. 4B), as well as increased staining in certain tubular epithelial cells (Fig. 4C) . We further examined the impact of aging on the expression of Kim-1 and MMP-7. Kim-1 gene expression increased with age and was significantly different from control at 18 and 24 mo (Fig. 5A) . Western blot analysis showed a marked elevation of Kim-1 at 24 mo (Fig. 5B) ; full-length Kim-1 is seen at ϳ80 kDa, while fragments at 30 and 45 kDa were also seen, similar to previous reports of Kim-1 protein expression in the kidney (44) . Kim-1 was localized to the proximal tubules (Fig. 5C ) and ELISA demonstrated significant increases in Kim-1 urine levels (Fig. 5D) . Importantly, similar to the gene expression data, CR attenuated this increase in protein expression.
The time course of changes in MMP-7 gene expression was also examined. Interestingly, expression was decreased at 8 mo and did not significantly increase compared with young animals until 24 mo (Fig. 6A) . The increased MMP-7 gene expression correlated with increased protein expression as assessed by Western blot (Fig. 6B) , as well as elevated staining of MMP-7 in tubular epithelial cells at 24 mo (Fig. 6C) , suggesting that the changes in gene expression result in elevated MMP-7 protein expression.
DISCUSSION
Aging causes structural and functional changes in human systems, sometimes leading to organ failure (36, 37) . As such, susceptibility to ARF in the elderly may be due to an underlying compromise of renal function. Several factors may account for this including reductions in renal blood flow and altered glomerular structure and function (decreased number, increased size, and sclerosis) (10) . In addition, the cellular antioxidant defense in the tubular cells declines with age (1, 9, 35) . Twenty-years ago, scientists found that aged animal kidney is more susceptible to ischemic injury than young animals (24, 49) , suggesting that animal models may parallel the clinical situation.
In the present study, we evaluated susceptibility of kidney slices from young, aged-AL, and aged-CR rats to ischemic and nephrotoxic injury and examined gene expression profiles using microarray analysis with Codelink Rat Whole Genome Bioarray. An in vitro kidney slice model was used to exclude the influences of reduced renal blood flow and increased inflammatory mediators associated with aging. An increased susceptibility to renal injury was seen in aged-AL rats. This effect is due, in part, to an inherent susceptibility of the proximal tubular epithelial cells as assessed by the response of renal tissue slices to ischemic challenge. Importantly, CR attenuated the increased susceptibility of aged rats to renal injury in vitro, suggesting that the increased susceptibility is preventable. The effect of CR on aging nephropathy may be related to decreased protein intake, anti-oxidative action (48) , suppression of renal tubular apoptosis (18) , and decreased inflammatory infiltration (38) in aged animals. However, other data suggest that the development of glomerulosclerosis, which is attenuated by CR, does not influence the increased susceptibility to ischemia in the rat kidney (33) .
Although gene expression profiling of the aged rat kidney has been reported (28, 40) , the impact of CR on age-related changes has not been extensively examined. As such, we identified several genes that are upregulated during aging and attenuated by CR. Claudin-7 is associated with the tight junctions of epithelial cells and in the tubule it is often expressed at the basolateral membrane. Interestingly, overexpression of claudin-7 has been associated with ischemia in the kidney (41) . Kim-1 is upregulated following ischemia-reperfusion in rat kidney tubules, and it has been suggested as a new biomarker for ARF (13, 43) . The literature also suggests that Kim-1 is also increased in chronic kidney disease, although questions were raised as to the impact of age on Kim-1 levels (32) . Our data clearly demonstrate an association between increased Kim-1 and the development of chronic renal dysfunction and suggest that chronological age may not be an important variable in the clinical use of Kim-1. Importantly, increased urinary Kim-1 may be a valuable biomarker to identify aging patients at risk for ARF.
Unlike most MMPs, MMP-7 is constitutively expressed in many epithelial cell types (46) . The expression of MMP-7 is low in the normal kidney but dramatically increases during several renal disease states (42) . MMP-7 is linked to acute lung injury (19, 22) ; however, a causative role in kidney injury is less clear. Our results suggest that MMP-7 is overexpressed in the aging kidney; this conclusion is supported by data from the aging human kidney. The expression of MMP-7 was increased in aging human kidneys as assessed by microarray analysis from a total of 74 patients ranging in age from 27 to 92 yr (31) . Interestingly, the fold-change (2.9) in MMP-7 expression was the second largest seen in the study. Increased MMP-7 expression during aging in the human kidney has also been confirmed in another study (23) .
In conclusion, an increased susceptibility to renal injury was seen in aged rats. Importantly, CR attenuated the increased susceptibility of aged rats to renal injury in vitro, suggesting that the underlying mechanism(s) may be reversible. Microarray analysis identified 92 genes with a twofold or greater change in aged rats (as compared with young rats) whose change in expression was attenuated by CR. Based on the in vitro injury data, these genes are candidates for future investigations into the mechanism underlying the increased susceptibility of the aging kidney to injury. Importantly, both a biomarker (Kim-1) of age-related susceptibility to injury as well as a protein previously identified as having a role in acute organ injury (MMP-7) have been identified and verified as candidate genes for future studies.
